Underwater acoustic communication is important to a variety of scientific and commercial missions in the ocean, for example ocean exploration and monitoring. Due to hardware limitations, often limited bandwidth, for example 6-7 kHz, has been used in underwater communication systems. In addition to high spectral efficiency, large bandwidth can also lead to increased data rates. When utilizing a large frequency band, frequency-division multiplexing, which refers to dividing an available frequency band into smaller sub-bands, is the common practice. We propose to use multiband transmissions for the underwater acoustic channel, where the wide frequency band is divided into multiple separated sub-bands. The sub-band is much wider than the sub-carrier in the orthogonal frequency-division multiplexing (OFDM). The former is several kilohertz in width while the latter is often only tens of hertz. During our experiment in Hawaii, Hi, in 2011, high data rates were achieved through the use of multiband transmissions, combined with time reversal demodulation. In the meeting, we will present the receiver algorithms for single-and multi-source acoustic communication systems in the multiband transmission framework. Comparison between the multiband transmissions and OFDM schemes will be also discussed. (Work supported by ONR Code 322OA)
INTRODUCTION
Underwater acoustic communication technologies are critical to ocean exploration and discovery. However, achieving high data rates in the oceans is challenging. One of the major issues for underwater acoustic communication is its limited bandwidth. During the recent years, there are a number of efforts to develop acoustic communication schemes at high frequencies [1] [2] [3] , where a relatively large bandwidth is available. With a large bandwidth, the practical difficulty is how to deal with the excessive length of the discrete impulse responses. For example, a typical delay of the underwater acoustic channel is 50 ms. With a bandwidth of 20 kHz, the discrete impulse responses would have a length of 1000 taps. Based on the channel length consideration, it is safe to argue that the single-carrier scheme fully utilizing the 20 kHz may experience computational difficulties.
As a viable solution, orthogonal frequency-division multiplexing (OFDM) techniques are often discussed for the underwater channel [3] . In the OFDM scheme, the entire frequency band is divided into a number of orthogonal subbands or sub-carriers without guard bands in-between. Designed to avoid inter-symbol interference, the sub-carriers have small bandwidth in underwater channels, where the frequency selectivity is pronounced. With controlled overlapping among the sub-carriers, OFDM schemes do not utilize guard bands between sub-carriers for the sake of spectral efficiency. However, due to the harsh channel condition in the dynamic ocean, orthogonality among the sub-carriers is often destroyed because of severe Doppler shift and significant Doppler spread. Therefore, sophisticated algorithm at the receiver is needed to address the inter-carrier interference, which may affect multiple neighboring sub-carriers. Further, mitigation of the high peak-to-average ratio and spectral allocation of the transmission power are needed at the transmitter side. As a result, the OFDM transmitter often also requires complicate algorithms.
Here we use a multiband transceiver, where a wide frequency band is divided into multiple separated sub-bands. These sub-bands are several kilohertz in width, much wider than OFDM sub-carriers used in underwater channels. Inter-symbol interference still exists within individual sub-bands. Time reversal acoustic communication is performed for each sub-band. Guard bands are inserted between the sub-bands. Therefore, inter-carrier interference does not exist in this scheme. The transceiver uses the combination of multiband transmission and time reversal demodulation. This leads to simple algorithms at both the transmitter and the receiver. This idea was tested during the recent experiment in Hawaii, 2011, which had a code name KAM11. Initial results on multiband transmissions using a single transducer were shown in [4] . Here, we further advance the idea of multiband transmissions and present the results for multi-transducer multiband transmissions.
MULTI-TRANSDUCER MULTIBAND COMMUNICATION
Recent studies show that significant data rate increases can be achieved by simultaneously transmitting multiple data streams from a bank of transmitters in the underwater environment [1] [2] . Taking advantage of spatial differences of the signals from different transmitters, multiple data streams can be recovered at the same time and at the same frequency using multiple receiving elements. The transmission of multiple data streams provides increased data rates, similar to communicating through multiple, independent links between the sender and the recipient. This is known as multiple-input multiple-output (MIMO) communication. During KAM11 (setting shown in Fig. 1(a) ), a moored 8-element source array had an element spacing of 7.5 m. Two source elements were used for transmission, each with a source level of 185 dB re 1 µP a at 1 m. To utilize the transmission frequency band of 22-32 kHz, each source element transmitted quadrature phase-shift keying (QPSK) signals at a symbol rate of 4 kHz for two sub-bands, referred to as low band and high band in the subsequent text.
The low frequency band (21.75-26.25 kHz) centered at 24 kHz and the high band (27.75-32.25 kHz) at 30 kHz. There existed 1.5 kHz separation between the two bands, as shown in Fig. 1(b) . A 16-element receiving array was deployed 3 km from the source array. Its element spacing was 3.75 m. Therefore, the 16-element receiving array spanned half the water column (56.25 m), with its bottom element positioned at 7.5 m above the seafloor. During the acoustic transmissions, the ocean had a thermocline at the depths of 50-60 m. The sea surface was relatively rough indicated by the measurement from the Waverider, with a significant wave height of 1.07 m.
For each band, the time reversal MIMO receiver [4, 5] was applied with sparse channel estimation and iterative interference cancellation. In the MIMO receiver, decision feedback equalization and interference cancellation schemes have been integrated in time reversal processing. Time reversal processing leads to low-complexity. Decision feedback equalization further compensates for the multipath effects. The incorporated interference cancellation scheme suppresses the co-channel interference. Frequent channel estimation is used to deal with timevarying acoustic propagation in a dynamic ocean. The MIMO receiver also iterates channel estimation and symbol demodulation with interference cancellation to achieve improved communication performance.
The MIMO receiver has demonstrated reliable performance during multiple at-sea experiments. Significant data rate increase has been achieved. During the 2005 MakaiEx experiment [4] , data rates such as 32 kilobits/s were achieved in a drifting source-receiver setting. The utilized frequency band was 34 to 41 kHz (7 kHz bandwidth). During the acoustic transmission, the wind speed was greater than 20 m/s and the ocean water column was stratified. Since the source and receiving arrays were both in the mixed layer, the acoustic communication channel was highly dynamic. The MIMO receiver achieved high data rates with low bit-error-rates (BERs), using four transducers and eight receiving hydrophones. The communication range was 2 km. During the KAM08 experiment [5] , MIMO communication was demonstrated for an extended period of 35 hours for a communication range of 4 km. Using 6 kHz bandwidth, data rates up to 16 kilobits/s were achieved using four-transducer binary phase-shift keying (BPSK) or two-transducer QPSK signaling for the extended period. At the low band, the demodulation results are shown in the first and second rows of Table 1 for the first and second transducers, respectively. Two performance metrics, output signal-to-noise ratios (SNRs) and BERs, are used. The third and fourth rows of Table 2 list the demodulation results for the high band. As shown, both band had low average BERs over the two source elements: The low band had an average BER of 0.35% and the high band 0.39%. The total data rate was 32 kilobits/s using two transducers and two frequency bands. This example demonstrated that the multiple-transducer multiband transmissions can achieve high data rates.
In the literature, a large number of efforts have been focused on OFDM schemes, for example [3] , for accessing wide frequency bands. OFDM transmitters often require a priori knowledge about the acoustic channel. Due to the rapid channel fluctuations and the slow sound speed, a priori knowledge is often hard to obtain. OFDM receivers in the dynamic environment need complicate algorithms to deal with Doppler shift and spread, which are often severe for moving platforms and/or in a dynamic environment. The result in Table 1 shows that multiband transmission can provide a high data rate and high spectral efficiency. communication is performed. The MIMO technique is used to increase spectral efficiency by taking advantage of spatial diversity in the ocean environment. Using a relatively wide frequency band (10.5 kHz) and two transducers, we show that significant high data rates, such as 32 kbits/s, can be achieved in a dynamic shallow water environment.
